T he established minimally invasive methods for parenchymal access to the CNS currently include frameless or frame-based stereotactic techniques. Older studies indicated a very low risk of complications with the stereotactic technique. In a case series of 741 punctures in 500 patients, only 5 complications were recorded: 2 intracranial hematomas, 1 infected free bone flap, 1 transiently increased neurological deficit, and 1 incident of a generalized epileptic event.
risk for morbidity. Stereotactic brain biopsy carries a risk of hemorrhage that can be as high as 8% if routine postbiopsy CT scans are obtained. 9 For other treatments that require parenchymal access, such as deep brain stimulation, the reported risk of hemorrhage varies considerably between 0% and 9.5%. 2 Nowadays, it is possible to speculate that the indications for direct CNS parenchymal access might increase with the advent of new therapeutic regimes such as viral vectors, 23 cell transplantations, 3 modified mRNA, 21 or other local treatments. With the increased demand for direct access, alternate routes for that access might be explored.
We previously described the use of a new endovascular catheter system used to access the parenchyma of hardto-reach organs (e.g., the pancreas) by creating a working channel from the femoral artery out through the vessel wall: the trans-vessel wall technique. [17] [18] [19] We previously showed that it is possible to use a "nano-catheter" as the working channel through the vessel wall to deposit cells in the pancreas, and that the trans-vessel wall procedure in itself does not cause adverse events on 1-year angiographic follow-up. 19 Furthermore, we have accessed the abdominal cavity and axillary pit 17 as model systems for the technique.
Modern imaging-based endovascular interventional techniques now provide alternatives to open surgical access, and both arteries and veins can be regarded as "internal routes" to essentially anywhere in the body. A standard endovascular clinical catheter system, which includes an introducer, a guide catheter, and a microcatheter, is used to navigate within the vasculature to any place in the body. Once the microcatheter is in the desired location within the microvasculature, the prototype system is advanced through the microcatheter. The prototype catheter (outer diameter 0.193 ± 0.0127 mm, inner diameter 0.104 ± 0.0127 mm, and total length 1700 mm) then safely penetrates the arterial wall, as a nano-catheter, to reach the extravascular space (e.g., the parenchyma of the CNS) using the same principles as the introducer 25 but with an inverted direction from inside the vessel toward the outside (Fig. 1 ). After this, we establish a working channel and have the ability to either administer substances or perform sampling. When the working channel is no longer in use, the most distal part can be detached and left in place as a securing plug in the vessel wall to prevent bleeding. This plug effectively results in a nitinol implant.
We previously concluded from studies in rats, rabbits, and swine that it is the intrinsic elastic effect of the vessel that prevents bleeding around the prototype catheter. 18 We further concluded that the principle of the prototype catheter applies to vessel diameters around 0.5 to 1 mm.
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The rationale for the intrusion depth-limiting design is that even in high-magnification fluoroscopy, the resolution for optimal control is not sufficient. 18 It is thus a safety precaution to avoid the risk for overshooting the system. The diameters are designed and verified by the loading cell tests. 18 Furthermore, the inner diameter of the prototype system does not allow for bleeding since the driving pressure is the blood pressure, and by solving the Hagen-Poiseuille equation for this geometry, the flow will approach zero. This has also been confirmed in vivo in rats, rabbits, and swine.
17-19
Nitinol (nickel-titanium) alloys are currently widely used because of their shape-memory and superelastic properties. 7 The biocompatibility of nitinol has been thoroughly studied. 4 It is well documented that the corrosion resistance of properly treated nitinol rivals that of titanium due to its ability to form a stable oxide layer on the surface that protects the bulk material. 28, 29 To improve the radio-opacity of nitinol implants placed under radiological guidance, radio markers are commonly attached, as, for instance, with stents. Galvanic corrosion must then be considered, and sufficient steps to hinder that must be taken. Nitinol and tantalum are galvanically similar and corrosion resistant. Gold and platinum are common radiopaque markers; however, they are both nobler than the nitinol alloy, which, unchecked, can cause severe galvanic corrosion. Hence, an insulating layer around the assembly has to be provided. 8 One possible layer is parylene film, which also provides electrical insulation, excellent biocompatible properties, and is widely used in many medical devices and implants. 27 The purpose of this 2-part study was first to investigate the use of the trans-vessel wall technique in the CNS vessels of the macaque brain and evaluate possible differences between intracerebral vasculature and our previous experience with extracerebral vasculature as a proof-ofconcept study without control groups. Second, we wanted to perform a histological and angiographic 1-year followup study on the detached distal tip in swine. In essence, this is a proof-of-concept study for this technique in the CNS setting.
Methods
All animal studies were conducted according to Karolinska Institutet guidelines for animal experiments. The studies were approved by the regional ethics committee for animal research in Stockholm, Sweden. Four rhesus macaques (Macaca mulatta) of Chinese origin, approximately 9 to 10 years old, were used in the experiment. They had been housed at the Astrid Fagraeus Laboratory animal facility at Karolinska Institutet, Stockholm, Sweden, for more than 6 years. Housing and care procedures were in compliance with the provisions and general guidelines of the Swedish Board of Agriculture, and the facility has been accredited by Association for Assessment and Accreditation of Laboratory Animal Care International. The animals were part of other long-term studies and planned for euthanization for medical reasons, and we applied to get permission to perform this study during the same anesthesia session that was planned for euthanization. All procedures were approved by the local ethics committee on animal experiments. The animals were housed in groups of up to 6 animals in combined indoor/outdoor pens with up to 20 m 2 of floor area and a height of 2.5 m. The pens were enriched to allow the animals to express their physiological and behavioral needs, and the animals were subjected to positive reinforcement training to reduce the stress associated with experimental procedures.
Ten Göttingen miniature swine were included in the long-term follow-up study. For this study, they received 1 or 2 implants each (n = 24) in the external carotid artery (ECA) as a simulation of the intracranial vasculature since the intracranial compartment in swine is not reachable via the endovascular route because of the rete mirabilis under the skull base. The swine were monitored with blood sampling until the follow-up angiographic examination was performed 1 year later. The same swine were used to harbor implants in the pancreas in previously published material. 19 The trans-vessel wall prototypes were all manufactured by hand as previously described.
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Macaque anesthesia
The sedation of the animals was initiated with the intramuscular injection of 10 mg/kg ketamine (100 mg/ ml Ketaminol; Intervet), followed by sevoflurane (Baxter Medical AB) for both intubation and surgical anesthesia. A Siemens 900 servo-ventilator was used (Siemens Healthcare).
swine anesthesia
The induction of surgical anesthesia in the swine started with the intramuscular injection of 1 mg/ml Domitor (Orion BioPharma Animal Health) and 0.5 mg/ml atropine (Mylan AB). The continuous infusion of pentobarbital and fentanyl (50 mg/ml; B Braun Medical) was used with a Siemens 900 servo-ventilator (Siemens Healthcare).
angiography
Angiography was performed using the XD20 angiographic system and Philips 3DRA workstation (both Philips Medical System). The Visipaque 270 contrast agent (GE Healthcare) was used for all contrast-enhanced applications. Nimodipine calcium channel blockers (Bayer AB) were used for spasm relaxation. XperCT images were obtained and reviewed using the XD20 system's XperCT high-dose program and soft-tissue algorithms (Philips Medical Systems).
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In swine, we used a 5-Fr introducer with femoral cutdown access (Terumo) and a 5-Fr Cobra guiding catheter with a Renegade microcatheter (Boston Scientific), and a Transend platinum tip guidewire (Boston Scientific) was navigated via the ECA to the maxillary artery.
In macaques, we used a 5-Fr introducer with femoral cut-down access (Terumo), and a 4-Fr vertebral guide catheter (Merit Medical) was used to navigate to the internal carotid artery. There, we used both Renegade HI-FLO and Prowler Select Plus (Codman) microcatheters with the Transend platinum tip guidewire.
The guidewire was withdrawn from the microcatheter, and the prototype catheter was deployed through the arterial wall. After finishing the procedure, a 10-V current was applied, thereby detaching the distal part and leaving it as an implant through the arterial wall to control possible bleeding from perforation. The perforations were followed for up to 3 hours using high-resolution digital subtraction angiography. Following euthanasia with an overdose of pentobarbital, dissections were performed using an OPMI6-DF operating microscope (Carl Zeiss AB).
sample Preparation for Qualitative histological analysis
The samples were retrieved with the implants in situ and immersed in a 4% neutral-buffered formaldehyde fixative and further processed in the laboratory to cut and grind the sections according to the method of Donath and Breuner. 6 Upon arrival in the laboratory, each sample was radiographed to localize the device, which was then followed by trimming the specimen. In brief, the sample handling involved rinsing with water, dehydration in ethanol (from 70% to 99%), pre-infiltration in diluted resin, and finally infiltration and embedding in pure resin and polymerized in ultraviolet light. 13 The cured block was divided using a diamond band in a modified bandsaw during water cooling along the long axis of the needle device. The sample surface was ground in an orientation by placing the implant parallel to the grinding board and glued to Plexiglass sheet that served as the supporting object-glass. An initial thick section of about 150 mm was prepared. The section was further ground using an automatic grinder and silicon carbide-water grinding papers of varying degrees of roughness. The final surface finish was prepared with smooth papers (2400 and 4000 grit). No further polishing was done.
The sections were histologically stained in toluidine blue mixed with pyronin G, and they were coverslipped after drying. Light microscopic investigations were performed.
results
We started the macaque experiments in a full clinical angiography suite. No problems were encountered with regard to anesthetizing the animals, and the femoral artery could easily be found using the cut-down technique. Initially, we navigated to the initial ascending intrapetrous segment of the internal carotid artery using a somewhat larger catheter system: the Renegade HI-FLO catheter that we previously used in the abdominal applications. Howev-er, in these subjects, the initial ascending intrapetrous segment did not permit navigation with the 2.8-Fr Renegade HI-FLO catheter, and hence a somewhat smaller 2.3-Fr Prowler Select Plus catheter was used instead. We could then navigate to the M 2 -M 3 segment without being occlusive with the microcatheter. We also already noted in the cervical segment that the cerebral arteries of the animals were prone to spasm only by navigation and decided to add nimodipine calcium channel blockers to the pressurized infusions of the microcatheters that were already in place in the first subject.
After navigating to the target area, we changed the microwire to the trans-vessel wall device and established a working channel to the brain parenchyma (n = 7) (Fig. 2) . No acute bleeding was observed on angiography through the microcatheter or from the guide catheter. We then proceeded to administer a contrast agent to visualize the parenchymal spread of administration, followed by methylene blue for necropsy evaluation (Fig. 2) . All devices permitted intraparenchymal administration.
After administering fluids through the working channel, we detached the distal tip by applying a 10-V direct current that was cycled through at 10 seconds on and 10 seconds off. This firmly detached all tips within 2 minutes of applying the cumulative direct current. After detachment, frontal, lateral, and oblique angiographic images were obtained. No bleeding, stenosis, or distal embolization could be visualized (Fig. 2) . Signs of spasm could initially be observed that regressed following exposure with the nimodipine-mixed infusate through the microcatheter.
After each detachment, we obtained XperCT images of the detached distal tip. The injected contrast agent could easily be detected next to all detached devices, and the total occupying volume could be estimated (Fig. 2) . Furthermore, no bleeding or ischemic lesions could be detected with the XperCT technique. We obtained 3D prop scans to further study the possible impact on the vessel tree. No pathological changes could be observed.
After completing the interventions, the animal was killed and the brain was removed. We could easily observe the deposited methylene blue in the parenchyma and also noted a slight tendency to spread in the subarachnoid space along the vessels of the "proto-insula" of the macaque (Fig. 2) .
After removal of the brain, it was further dissected and photographed to evaluate any discrepancies between methylene blue and the contrast agent. As suspected, due to the properties of the 2 fluids, the methylene blue had spread further into the parenchyma.
Samples for histological analyses were taken with 1 sample, including the detached distal tip. This sample was then cut using the cutting-grinding technique. No microscopic evidence of burns or necrosis could be observed around the detached distal tip. Furthermore, histological investigations of the neurons showed no indication of stress from the downstream detachment.
One device in the series was selected to test the depthlimiting collar, and by applying a maximum pushing force on the microcatheter it was possible to displace the depthlimiting collar out through the vessel wall, which resulted in a limited subarachnoid hemorrhage.
In the second part of the study, all 24 implants were positioned at the maxillary branch of the ECA in the swine; there were no instances of morbidity or mortality. Followup angiography at 1 year after implant insertion clearly showed that the implants had not in any way contributed to stenosis in the part of the vessel where the original intervention had been performed (Fig. 3) . Furthermore, angiography and 3D angiography confirmed that all implants except 1 (96%) had been dislodged from the bloodstream by approximately 0.5 to 1 mm (Fig. 3) . This confirms the previous findings 19 with respect to angiography of the posterior pancreatic artery. In the ECA, all vessels were intact. As mentioned in Methods, the ECA implant site in the swine was chosen to mimic intracerebral implantation.
We used the XperCT technique to investigate the anatomical properties of the entire skull and tissues down- stream of the intervention site. We could observe neither cyst formation nor signs of embolism or other pathological conditions in the pterygopalatine fossa or elsewhere in the extracranial portions of the skull (Fig. 3) .
The histological analysis was performed on the stained cut-and-ground sections with the implant in situ using a light microscope. The first finding was that the parylene coating was entirely intact in the devices themselves (Fig.  3) . Furthermore, the devices showed no signs of galvanic corrosion on the interface between the nobler gold radiopaque marker and nitinol. This was observed uniformly in all implanted devices. Histological examination also confirmed that all implants (except 1) were dislodged from the bloodstream and the vessel itself for 0.5 to 1 mm (Fig.  3) .
In all observed vessel walls adjacent to the implanted devices, the endothelium was normal. One implant within the ECA tree had not migrated through the endothelium and as such provided an interesting insight into implantendothelium interactions (Fig. 3) . There was endothelial overgrowth of the most proximal part that, after detachment, was protruding into the lumen of the vessel. The endothelial coating was approximately 50 mm wide at its widest portions. This endothelial coating was thin and thus could not be visualized by angiography. In both vessels containing implants through the vessel wall and vessels with implants outside the vessel wall, we could not observe any hyperplasia of the tunica media or endothelium in any cases.
We observed, in general, that the fibrous capsules that formed around the implants were all fairly well organized and especially apparent around the most distal part of the implant (Fig. 3) . There was a large variability in the capsule radii, both along the long axis of the implants and between implants. The capsule was never thicker than 200 mm. The surrounding tissue comprising muscle, fibrous tissue, nerves, and vessels all showed normal morphology without necrosis or signs of inflammation.
Discussion
From the first arterial-venous malformation embolization in the CNS that was reported in 1960 16, 20 and the advent of the digital subtraction angiography, 22 the field of interventional neuroradiology has expanded rapidly. With new endovascular catheters, such as Guglielmi detachable coils 11, 12 for aneurysm treatment and recent solid evidence for mechanical thrombectomy, 10,14,24 the field of endovascular treatments is rapidly expanding. With this study, we want to further the reach of the possible endovascular therapies to also encompass the brain parenchyma itself.
The trans-vessel wall technique is primarily constructed for use against "hard-to-reach" organs, and in this study we present findings from the first application to the CNS. There are some important differences in the vascular anatomy in the CNS with respect to a relatively thinner wall in relation to its caliber. Furthermore, the internal elastica is more pronounced with fewer elastic fibers in the rest of the vascular wall, 5 and therefore, as a proof of concept, it is important that we show that the trans-vessel wall technique can be applied within the CNS. The amount of material used in this study is obviously too small to speculate on risk reduction as opposed to the reported, at maximum, 8% morbidity risk of direct parenchymal access through the skull bone. Nevertheless, as a proof of concept, we consider this small study interesting enough to merit further studies of the trans-vessel wall technique.
It is, for ethical reasons, difficult to perform long-term follow-up when testing a principally new technique, like this one, on nonhuman primates, and hence the long-term follow-up was performed in the swine extracranial vessels in order to study the biocompatibility of placing a nitinol device across the vessel wall. As in all experimental situations, there are trade-offs, and in swine it is that the rete mirabile hinders the navigation of catheters into the CNS. We considered the ECA tree of the swine to be a reasonable alternative to CNS placement.
The gold standard for evaluating implants residing in the vascular tree is angiography. This standard refers primarily to stents, and, as such, these guidelines might not be fully applicable to the new concept of trans-vessel wall nitinol implants. An important difference between stents and the detached distal tip lies in the design itself. Stents have a tubular design that supports the vessel wall and is known to incur restenosis. 15 We speculate that the natural rigidity from the tubular design makes endothelial cells grow over the stents, and they cannot be dislodged, thus resulting in restenosis. In the present study, angiography showed no stenosis formation of any kind in the ECA tree, hence resulting in the excellent vascular biocompatibility of this conceptual technique. This confirms previous findings 19 with respect to angiography of the posterior pancreatic artery. We also performed XperCT to assess the global macroscopic tissue impact of the implants, readily showing no pathological processes and thereby providing solid safety data from a radiological perspective.
Furthermore, from the point of view of side effects, it is interesting that the implants seem to have been dislodged through the vessel wall. We speculate that the endothelium reorganizes and covers the implant, and since the implant is not tubular it can be dislodged by blood pressure during a long period of time and thus hinder bleeding. In a previous study in rabbits, a minority of the implants were found outside the vessel wall after 80 days. 17 These implants would all have likely migrated had they been allowed to stay there for 1 year, as in this study.
The choice to perform the cutting-grinding technique with the implants in situ was made since previous findings 17 and preliminary work prior to that showed that it is virtually impossible to study the implant-tissue interface without the implants being left behind as a marker. Further, the removal of implants of this size severely diminishes the evaluation of the small capsule formation (unpublished results). A possible trade-off is that the possible amount of capsule histology that can be analyzed becomes limited due to the properties of the cutting-grinding technique. The visual appearance of the capsule, which is fairly devoid of cells, and the "tautness" around the most distal part could possibly indicate that a shift from TNF-a to TGF-b has occurred, thus rendering the capsule as nonprogressive. The relatively large variability in capsule thickness was also in line with previous findings. 4 Even so, this variability was on a very small scale of capsule formation, thereby confirming that the trans-vessel wall implant is a fully reasonable implant for human studies.
Conclusions
We conclude from the first part of this study that the trans-vessel wall method is applicable to the CNS of the macaque. It can probably be used for a wide variety of indications that require CNS parenchymal access. Further preclinical testing (e.g., using MRI) is warranted prior to clinical Phase I testing with respect to safety and the risk of ischemic events.
From the second part of the study, we conclude that at 1 year after implantation endothelial cells grow over the vast majority of implants, and then the majority become dislodged out of the bloodstream during the rebuilding of the vasculature architecture. Thereafter, the implants become encapsulated and a very limited inflammatory response can be observed in both the pancreas and within the ECA tree. This would indicate that the trans-vessel wall technique is not comparable with stent placement and its ability to induce restenosis.
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